The large mushroom genus Tricholoma (Fr.) Staude comprises hundreds of species growing worldwide. Phytochemical studies on the contents of these mushrooms have been increasing steadily in the last decades; this review is the first complete report about the secondary metabolites isolated to date (January 2018) from the fruiting bodies, with the exclusion of most volatile constituents. The structures, presumed biogenesis, and bioactivities of identified compounds, divided in families according to their biogenesis, are critically discussed. A brief chemotaxonomic discussion of the genus Tricholoma is included in the final part of the review.
Tricholoma (Fr.) Staude is a genus of Basidiomycete fungi (Basidiomycota) which comprises gilled mushrooms belonging to the order Agaricales, family of Tricholomataceae. More than 250 species are known which mainly grow in the temperate regions of both hemispheres, while only a few ones occur in the tropics [1] [2] [3] [4] . It is believed that all Tricholomas are ectomycorrhizal or, in some cases, arbutoid mycorrhizal, forming a mutually beneficial association with many trees, some shrubs, and possibly even some herbaceous plants. Thus, they are nearly always found where trees are present, most often in forests and parks. Among the trees known to partner with Tricholomas are oak, beech, birch, willow, aspen, cottonwood/poplar, pine, spruce, fir, hemlock, and Douglas-fir. Given their ecological relevance, some species are protected by law in Europe [1] . The latest systematic treatment of the European species was published in 2017 and includes a thorough phylogenetic investigation [1] . The authors have divided the genus into ten different sections, and we have referred to this work throughout our review.
Several species are greatly appreciated as food and widely collected worldwide [5] ; for example, T. portentosum, T. terreum, T. columbetta, and others. T. matsutake is considered to have also some medicinal properties and it is probably the most widely consumed mushroom in Japan; its trade is estimated in the range of 10 8 US dollars/year [5] In the past, T. equestre was eaten and appreciated in many European countries; however, recent evidence points to its toxicity, due to the insurgence of rhabdomyolysis [6] ; for this reason, this mushroom has been banned from consume almost everywhere. A few highly toxic Tricholoma species also exist, such as T. pardinum, T. josserandi, and related species. Their toxins are still unknown. A toxic metabolite, ustalic acid (62) , has been isolated from the moderately toxic mushroom T. ustale [7] . Moreover, several other Tricholoma species are considered inedible or slightly poisonous, due to their bitter-acrid taste and/or unpleasant smell, such as T. album and related taxa, T. sulphureum, T. saponaceum, and others. Recently, an important debate has arisen about the presumed toxicity of T. terreum, a widely consumed mushroom, to which no poisonous effect had ever been attributed in the past. This controversy started after the report of the in-vivo toxicity of T. terreum extracts to mice; moreover, two metabolites isolated from the mushroom, named saponaceolides B (12) and M (23) (vide infra) [8] , were assumed to be responsible, at least in part, for the in vivo toxicity. However, for the time being, no government authority has excluded T. terreum from human consume [5] .
It is worthy of note that several metabolites isolated from Tricholoma species exhibit high important bioactivities, such as cytotoxicity against human cancer cells, inhibition of leukemia cells growth, neuron growth activity, and others.
Phytochemical studies on Tricholoma species have been increasing steadily in the last decades; this review is the first comprehensive report of the secondary metabolites isolated to date (January 2018) from the fruiting bodies, with the exclusion of most volatile constituents. The compounds have been divided in families according to the presumed biosynthetic origin.
Terpenoids
Terpenes are the most common secondary metabolites occurring in Basidiomycota, and Tricholoma species are not an exception. Interestingly, sesquiterpenes, which are quite common in other families, for example, in Russulaceae, have not yet been found in Tricholoma, even if saponaceolides (C-30 terpenoids) are probably sesquiterpenoid dimers, deriving from the coupling of two C-15 farnesyl pyrophosphate units. On the other hand, the presence of some diterpenes which, in general, are rare in Basidiomycota, has been reported in a couple of Tricholoma species.
Diterpenes: trichoaurantianolides and tricholomalides. The presence of diterpenes is rather common in plants; instead, they occur more rarely in higher fungi. All the diterpenes isolated from Tricholoma species have an unprecedented terpenoid skeleton, which has been named trichoaurantiane or seconeodolastane (secoguanacastane or secoguanacastepene) in relationship with the hypothesized biosynthetic pathway (vide infra). The first examples A group of Japanese researchers reported the isolation, from an undetermined species of Tricholoma, of three new seconeodolastane diterpenes, called tricholomalides A (9), B (10) and C (4), which are structurally closely related to trichoaurantianolides [13] . The structures and the relative configuration of tricholomalides were initially inferred by 1-and 2-D NMR data, while the absolute configuration of diterpene 9 was tentatively assigned on the basis of chiroptical methods, applying the CD ketone octant rule to the n-* transition of the saturated ketone chromophore [13] . However, the subsequent total synthesis of racemic tricholomalides A (9) and B (10) led to a revision of the original structure and the relative configuration at the C(2) stereocenter was inverted [14] . The new assignment was also firmly confirmed by single crystal X-ray diffraction and NMR spectroscopy [14] . In the light of these results, the corrected structures of tricholomalides AC are 4, 9, and 10.
Tricholomalides and trichoaurantianolides (trichaurantins) are epimeric at C (8) and the configuration at C(1) of tricholomalide A (9) is also inverted with respect to that of trichoaurantianolides 7 and 8. Indeed, the trans junction between the tetrahydrofuran and cyclopentane rings of 9 is rather unexpected. This stereochemistry may arise from thermodynamic control in the cyclization of 10. Moreover, although the absolute configuration of tricholomalides has not yet been assigned unambiguously, biogenetic considerations suggest that it is most likely identical to that of trichoaurantianolides, resulting opposite to that originally [13] assigned on the basis of CD studies. Both groups of Tricholoma diterpenoids would thus have an absolute stereochemistry enantiomeric to that of related neodolabellane diterpenes isolated from corals. This result would agree with the finding that related diterpenes from a common biogenetic pathway, occurring in algae, fungi, liverworts, and higher plants, are enantiomeric to the corresponding metabolites isolated from species of marine invertebrates.
Trichoaurantiane (seconeodolastane) diterpenes have been isolated, outside the genus Tricholoma, only from the mycelial culture of Lepista sordida, and named lepistal (5) and lepistol (6) [15] . These two diterpenoids correspond to deacetoxytrichoaurantianolide A and deoxytrichoaurantianolide B, respectively.
Biogenetically the trichoaurantianes (seconeodolastanes) have been considered to derive by oxidative cleavage of the six-membered ring of the neodolastane (guanacastane) skeleton [9] , which is the characteristic carbon backbone of several diterpenoids isolated from several mushrooms of the genus Coprinus and Trametes [16] . The neodolastane structure possibly arises from a dolabellane precursor which is converted either to a neodolabellane or to a dolastane-type diterpenoid by a different timing of the six-membered ring closure between C-2 and C-7 and the Wagner-Meerwein migration of the methyl group from C-11 to C-10 ( Figure 1 ) [9] . A series of regioselective oxidations then leads to compounds 1-10 ( Figure 1 ).
Concerning the biological activities of seconeodolastane diterpenes, trichoaurantianolide A (1) showed antibiotic activity against Bacillus subtilis and Staphylococcus aureus, but no activity towards a tumor HL60 cell line [9] . Both lepistal (5) and lepistol (6) induced the differentiation of human leukaemic cells. Moreover, lepistal (5) exhibited moderate to good cytotoxic, antibacterial, and antifungal properties. while lepistol (6) was much less active [15] . This finding indicates the important contribution of the unsaturated aldehyde function to the biological activity [15] . Tricholomalides AC (4, 9, 10) were found to induce neurite outgrowth in rat pheochromocytoma cells (PC-12) at M levels, but they were nontoxic against HeLa human cancer cells at a concentration of 50 g/mL [13] . It is worthy of note that these biological effects are similar to those exhibited by other highly oxygenated fungal diterpenoids, for example, cyrneines A and B which were isolated from Sarcodon cyrneus [17] . Although structurally unrelated to tricholomalides, The unprecedented structure of compound 11, including the relative configuration, was determined from NMR data and X-ray diffraction on single crystal [18] . Though possessing a C30 terpenoid skeleton, it appears that saponaceolide A is not a true triterpene, because the biosynthetic pathway cannot be traced back to a squalene precursor. In fact, the two C15 constituent units of 11, linked by the C(11')-C(2) bond, actually correspond to two farnesyl units, and each of them obey the biogenetic isoprene rule. The two moieties, however, are not joined by the usual tail to tail coupling typical of the biosynthesis of common triterpenes derived from squalene. Indeed, the biosynthesis of saponaceolides seems to follow a novel biogenetic pathway and it was suggested that the C(11')-C(2) bond is formed by the electrophilic attack of one FPP unit, bearing a formal positive charge at C(11'), onto the sp 2 carbon C(2) of another FPP [18] . The ensuing carbocation at C(1) would likely promote the concomitant cyclization of the C(1)-C(2)/C(5)-C(6) diene system, which leads to the formation of the characteristic cis-1,3-disubstituted methylenecyclohexane moiety of saponaceolides ( Figure 2 ) [18] . Therefore, from a biogenetic perspective, saponaceolides should be more correctly described as sesquiterpenoid dimers instead of triterpenes.
Subsequently, three new saponaceolides, B (12), C (13) , and D (14) , were isolated from the same collection of T. saponaceum fruiting bodies [19] , and the absolute configuration of saponaceolide A (11) was established as 8E, 2R, 6S, 10R, 2'S, 5'S, 6'S, 9'S by chemical degradation and correlation with the L-enantiomer of erythrulose [19] .
Biosynthetic considerations suggested that also the saponaceolides B-D (12) (13) (14) have the same absolute stereochemistry as 11. The configuration of the stereocenter C(7) in saponaceolide C (13) Figure 2 . Proposed biosynthetic pathway to saponaceolides was established with the aid of molecular mechanics calculations, using Allinger's MM2 (85) program, through conformational analysis of two model compounds possessing the two possible configurations of the carbinol [19] .
In addition to saponaceolides A (11) and B (12), three new saponaceolides, E (15), F (16), and G (17) were later isolated from samples of T. saponaceum collected in Japan [20] . Compound 15 is the geometric isomer of saponaceolide A (11) at the C(8)C(9) double bond; however, the configuration of the hydroxyl group at C(10) remains undetermined. Saponaceolide F (16) corresponds to the C(9')C(10') dehydroderivative of saponaceolide A, whereas saponaceolide G (17) may arise from dehydration of compound 11.
The isolation of saponaceolide B (10) from the fruiting bodies of T. terreum [21] and T. scalpturatum [22] indicates that these terpenoids are possibly not uncommon in fruiting bodies of Tricholoma species, while they have not yet been isolated from taxa of other genera.
The bioactivities of saponaceolides are worthy of note. In fact, the crude EtOAc extract, though not possessing anti-bacterial properties, was a strong inhibitor of the growth of P388 mouse leukemia cells; moreover, saponaceolide A (11) was found to be cytotoxic on human colon adenocarcinoma cells, showing an IC 50 of only 0.45 g/ml [18] . Successively, saponaceolide B (12) was found to be even more active than saponaceolide A on the same cytotoxicity test, having an IC 50 of 0.16 g/ml [19] , and it was also strongly active against both KB and P388 tumour cells [21] . On the other hand, saponaceolides E (15) and F (16) showed cytotoxicity against B16 and L929 tumor cells with IC 50 values of 10 g/ml and 1 g/ml, respectively [20] . Saponaceolides A (11) and B (12) were selected by the National Cancer Institute to be tested against a panel of sixty human disease-oriented cancer cell lines. The assay revealed an interesting differential cytotoxicity of the two compounds; in particular, leukemia, non-small cell lung, melanoma, and breast cancer cells were highly sensitive to saponaceolide B [23] .
The intriguing complex structures of saponaceolides and their high cytotoxic activity have stimulated intense synthetic efforts by different research groups. Preliminary approaches focused on the synthesis of the characteristic 6/6/6 trioxaspiroketal system [24, 25] and the right-hand monocyclofarnesyllactone moiety of saponaceolide B [23] . Comparison of the cytotoxicity of the simplified synthetic analogue with that of saponaceolides A and B clearly revealed the important contribution of the -alkylidene--butyrolactone unit to the bioactivity of saponaceolides; however, the synrhetic derivative was significantly less active than the fungal compounds [23] . The enantioselective total synthesis of a diastereomer of the natural product, 2-epi-saponaceolide B, illustrated a general approach to the construction of the saponaceolide structure [26, 27] . Moreover, this work demonstrated that the cis-orientation of the two substituents attached to the C(2) and C(6) carbons of the 1,1-dimethyl-5-methylenecyclohexane moiety corresponds to a counter-thermodynamic orientation [26, 27] . Saponaceolide B finally surrendered to an enantioselective highly convergent total synthesis [28, 29] that confirmed the structure, including the absolute stereochemistry. The thermodynamically less stable cis-disubstituted cyclohexane unit became available through a cyclization event wherein the configuration was determined by a carbopalladation step. Both the cycloisomerization of an 1,7-enynes and an intramolecular Hecktype reaction provided the cis product with moderate diastereoselectivity [28, 29] .
Separation of a CHCl 3 /MeOH extract of dried fruiting bodies of T. terreum collected in France afforded, in addition to saponaceolide B (12), nine novel saponaceolides, H-P (1826) [8] , while extraction of the fruiting bodies with CHCl 3 alone afforded three other ones, QS (27) (28) (29) [30] . Compared to saponaceolide B (12), these members of the same family, with the exception of saponaceolids J (20) and Q (27) , have an additional oxygenated function at C(7), which is a hydroxyl in 18 and 22, a methoxy group in 28 and 29, an acetoxy group in 19, 21, 23, and 24, or a carbonyl in 2526. Compounds OS (25-29) contain a furanone ring instead of the exocyclic conjugated double bond occurring in most saponaceolides. Saponaceolide J (20) and K (21) have an additional double bond between C(9') and C(10') of undetermined stereochemistry. The most unusual structural features of this group of terpenoids is the stereochemistry at C(9') in saponaceolide N (24), which is (R) instead of the (S)-configuration of the other saponaceolides, and the oxidation of the C(3')-methylene group to ketone in saponaceolides L (22) , M (23) , N (24), and P (26) [8] . Concerning the absolute stereochemistry, the reported structures, derived from single-crystal X-ray crystallography, corresponded to the stereochemistry of saponaceolide A (11) [8] . Saponaceolide Q (27) showed moderate cytotoxicities against four human tumor cell lines (IC 50 = 1.419.3 M) [30] . Together with compounds 12 and 1826, six related C-30 terpenoids, called terreolides AF (30) (31) (32) (33) (34) (35) , were isolated from the CHCl 3 /MeOH extract of dried fruiting bodies of T. terreum collected in France [8] . Terreolides have two novel structures which differ from that of saponaceolides for a different backbone of the tricyclic trioxaspiroacetal moiety. In fact, in the place of the characteristic bicyclo[2.2.2]hexane unit of saponaceolides, an isomeric transposed bicyclo[3.2.1]heptane moiety is present in terreolides. Thus, they can be divided in two groups, terreolides AC (3032) and DF (3335), depending on the different type of the 5/6/6 system which bears a carbonyl group, either in the form of a ketone or as a part of a -lactone ring, respectively. It has been suggested that different biosynthetic pathways diverging from a common intermediate arising from the coupling of two FPP units (Figure 2 ), may give rise to the three kinds of trioxaspiroacetal backbones occurring in saponaceolide and terreolide structures, respectively ( Figure 3 ) [8] .
The crude chloroform/methanol extract of T. terreum resulted significantly toxic, with an LD 50 value of 1.51 g Kg -1 , upon oral administration to groups of mice; the lipophilic sub-extract, obtained by water/EtOAc partitioning, was even more toxic with an LD 50 value of 1.18 g/kg, while the water sub-extract was not toxic [8] . Dose-dependent signs of intoxication such as ataxia, reduce movement, and recurrent convulsions, often followed by death, were observed in the in vivo test [8] . Two abundant lipophilic compounds isolated from the mushroom, i.e., saponaceolides B (12) and M (23) showed LD 50 values of 88.3 and 63.7 mg kg -1 , respectively, in the same test [8] . Moreover, both compounds increased serum creatine kinase levels in mice and were considered to significantly contribute to the mushroom-induced poisoning known as rhabdomyolysis [8] . From the mycological literature it results that this severe disease is caused by ingestion in consecutive meals of several mushrooms, among which T. equestre, which grows in the same habitat as T. terreum, is likely one of the bestknown species. It is interesting to note that T. equestre extracts assayed in the same oral test, were similarly highly toxic to mice. However, contrary to T. terreum, the active fraction was the hydrophilic one, and the toxins have not yet been determined [8] .
These findings have started an interesting debate among mycologists about the actual toxicity and inedibility of T. terreum [31, 32] , which is still ongoing. In fact, while the myotoxicity of T. equestre to humans and mice is now well-documented [6] , T. terreum is commonly eaten in Europe, mainly in France, Germany, Spain, and Italy [5] . Moreover, there are no documented cases of poisoning due to the ingestion of T. terreum in Europe and elsewhere, and the medical literature has never reported that consumption of this species induces any symptom related to rhabdomyolysis [31] . Moreover, it has been pointed out that given the amount of saponaceolides B (12) and M (23) contained in the fruiting bodies of T. terreum, toxic levels would need the ingestion of overwhelming amounts of fresh mushrooms. Interestingly, in Switzerland, where the mushroom is highly appreciated, medical and mycological authorities have not withdrawn T. terreum from human consume.
Two C-30 terpenoids, renamed cerylimycins A (36) and B (37) after the discovery that the original name of "trichomycins" was already in use for a series of unrelated polyene antibiotics, were isolated from the fruiting bodies of a new Australian species, which is referred to as Tricholoma sp. AU1 [33] . The relative stereochemistry was assigned by NMR spectroscopy. The unprecedented gross structure of 36 and 37 is closely related to those of saponaceolides and terreolides, as they are likely biosynthesized from the coupling of two C-15 farnesyl PP molecules in a head-to-tail fashion (Figure 2 ). However, in cerylimicyns one of the two farnesyl moieties is cyclized to form a labdane decaline backbone, while the terminal part of the other unit does not form a -lactone ring. Authors observed that the formate substitution present in 36 can be an artifact of the isolation process, as formic acid was used as a solvent modifier [33] .
Compounds 35 and 37 showed selective activity against the Grampositive bacteria Staphylococcus aureus and Streptococcus pneumoniae, while were not active against the Gram-negative bacteria Klebsiella pneumoniae and Pseudomonas aeruginosa; instead, a very weak citotoxicity was noted for 37 against the mammalian cell line THP-1 [33] .
Lanostane triterpenes. All Tricholoma triterpenes biogenetically derived from squalene epoxide have the lanostane skeleton which is by far the common backbone of most triterpenes isolated from Basidiomycota. The first triterpene isolated from Tricholoma species was the highly oxygenated tricholodic acid (38) , which was found in an undetermined toxic species [34] . Interestingly, the methyls C(28) and C(21) of 38 are oxidized to carboxylic acids and the latter group forms an unusual -lactone ring with a hydroxyl at C(16). The entire structure of 38 was determined by X-ray diffraction on single crystal and the absolute configuration was inferred by the negative CE in the CD curve which was attributed to a transition of the lactone chromophore [34] . The stereochemistry assigned to compound 38 is thus the same as that of the other lanostane triterpenes isolated from mushrooms.
Six new lanostane triterpenes were isolated from the fruiting bodies of T. saponaceum together with saponaceolides 15-17 [20, 35] . They have been named saponaceoic acids I-III (3941) and saponaceols A-C (4345), respectively [20, 35] . The first three triterpenoids have the C(21) methyl oxidized to carboxylic acid and may be considered derivatives of trametenolic acid (42) , which also occurs in the same mushroom. Triterpene 42 exhibited anti-inflammatory properties [36] and was isolated for the first time from the sclerotia of the toadstool Inonotus obliquus, belonging to the order Hymenochaetales of Basidiomycota, which is taxonomically very distant from the family Tricholomataceae. Saponaceols A-C (4345) are monoamide-esters (depsipeptide) of 3-hydroxy-3-methylglutaric acid with crustulinol (46). This highly oxidized triterpenoid aglycone is characterized by the presence of a six-membered hemiacetal ring in the substituent attached to the C(17) carbon of the skeleton [37] .
The cytotoxic triterpene hebelomic acid A, isolated from Hebeloma crustuliniforme, was the first natural example of a crustulinol ester with 3-hydroxy-3-methylglutaric acid (HMG) [37] . On the other hand, examples of lanostane triterpenoid depsipeptides having the HMG unit esterified with C(2)-OH or C(3)-OH have been previously isolated from non-Tricholoma mushrooms; for example, from Hebeloma senescens [38] and Hypholoma (Naematoloma) sublateritium [39] . An interesting novel feature of the structures 4345 is the presence of the -aminoacids phenylalanine and phenylserine which form an amide bond with the HMG moiety. Saponaceol A (43) was found to inhibit the growth of HL-60 human leukemia cells, showing an IC 50 = 8.9 M [35] .
Sterols. Ergostane-type steroids, especially ergosterol, ergosterol peroxide (5,8-epidioxy)-(22E,24R)-ergosta-(6,22)-dien-3-ol), and cerevisterol (47) are ubiquitous sterols in Tricholoma species. The rare ergosterol peroxide 3-O-glucoside (48) has been isolated from T. populinum [40] . Numerous oxygenated ergostane derivatives, including new ones, have been isolated from the edible species T. portentosum, for which we address readers to the literature [41] . Other characteristic examples are 3 ,5,9,14 -tetrahydroxy-(22E)-ergosta-7,22-dien-6-one (49) [42] and portensterol (50) [43] which show rarely oxidized C(11) and C (14) carbons. Portentserol was also isolated from Ganoderma lucidum and Rhodopaxillus nudus [43] . 1218 Natural Product Communications Vol. 13 (9) 2018 Clericuzio et al.
T. matsutake is a very delicious and nutritious wild mushroom from
China, where it is considered a medicinal mushroom. The fruiting bodies are a rich source of ergostane derivatives, among which sterol 51 [44] , and matsutakone (52) and matsutoic acid (53) [45] are new natural products. Matsutakone (52) shows an unprecedented transposed tetracyclic ring system, whereas matsutoic acid (53) is a C-18 nor-steroid. It has been suggested that both compounds derive biosynthetically from 5,6-epoxy-ergosterol, which was isolated from the same extract. The structures and absolute configurations of 52 and 53 were assigned by extensive spectroscopic analyses and computational methods [45] . Bioassays showed that both compounds exhibited inhibitory activity against acetylcholinesterase (IC 50 20.9 μM for 52) [45] . Almost at the same time, matsutakone (52), together with another novel 11(9 → 7)-abeo-ergostane-type steroid, was isolated from the fruiting bodies of Pleurotus eryngii (Pleurotaceae), and it was named pleurocin A [46] . This compound showed interesting inhibitory effects on nitric oxide production [46] .
Polyketide derivatives
Compounds of presumed polyketide biogenesis isolated so far from Tricholoma species, are much less numerous than terpenoids. One interesting example is columbetdione (55) which was isolated from fruiting bodies of the edible species T. columbetta [47] . The gross structure 55 could not be established unambiguously from 2-D NMR data and molecular modeling calculation, but only by total synthesis. To reach the target, a new general method was developed which can be extended to the regioselective synthesis of 2,3-dialkylsubstituted cyclopentenols and cyclopentenones [47] . The absolute configuration of cyclopentenone 55 could not be determined; however, the optical rotation was very low, just not excluding that 55 was a racemate. Monocyclopentanoids, for example jasmonates and prostaglandins, are widely distributed in plants and animals, but not in Basidiomycota. Columbetdione 55 is likely biosynthesized from a pentaketide chain formed by condensation of four acetate units and a propionate starter. A plausible biosynthetic route has been suggested ( Figure 4 ) [47] , which features the ring contraction of a cyclohexane-epoxide intermediate (54) . Columbetdione was not active in anti-microbial assays and in the brine shrimp (Artemia salina) toxicity assay [47] .
Another metabolite possibly arising from cyclization of a pentaketide chain is scalpturan (56), isolated from injured fruiting bodies of T. scalpturatum, which was claimed to be the first 3-methylisochroman-4-one isolated from nature [22] . Compound 56 was not optically active and it is thus believed to be a racemate [22] . The structures of most pigments contained in intensely colored pilei of Tricholoma species are still unknown. Among the few examples reported so far are the bright yellow dimeric dihydro-anthracenone derivatives 5760, named flavomannins, isolated from T. flavovirens (syn. T. equestre) and T. sulphureum [48, 49] Each monomeric substructure is likely derived from an octaketide precursor and the two moieties are linked to each other by an oxidative CC phenolic coupling, which is a type of reaction involved in the biosynthesis of different fungal metabolites [50] . Indeed, the monomeric dihydroanthracenone (3S)-torosachrysone-8-O-methyl ether (61) occurs in T. flavovirens and T. sulphureum [51, 52] . Moreover, an atropisomeric mixture of flavomannin 6,6'-di-O-methyl ethers of undefined absolute configuration has also been isolated from Tricholoma aurantium [51, 52] . The finding of these dimeric anthraquinones in Tricholoma spp. is of mycological relevance since, in addition to trimeric and tetrameric analogos, they have been described in Cortinarius and Dermocybe species and are considered chemotaxonomic markers of these two genera [51, 52] . (9) 2018 1219 in the world and human ingestion causes gastro-intestinal intoxication accompanied by vomiting and diarrhea. In Japan, a lot of people get poisoned each year by eating this toxic mushroom accidentally, because it is confused with similar edible species [54] . In search for the bioactive compounds of this toadstool, basidiomes of T. ustale were extracted with aqueous ethanol, and the crude extract was partitioned between water and chloroform. The chloroform soluble part showed high toxicity in tests against mice, and it was thus fractioned by repeated flash column chromatography and preparative HPLC to yield five novel aromatic compounds (62-66) [54] . The most abundant and toxic metabolite was ustalic acid (62), whose structure was assigned by singlecrystal X-ray analysis [54] . Metabolites 6365 are the mono-amides of ustalic acid with L-proline (63) , glycine (64) , and ethanolamine (65), respectively, whereas the structure 66 features an unusual seven-membered cyclic imide. All the compounds except for 63 were not optically active. Compounds 62-66 were all found to inhibit the Na + , K + -ATPase, at different concentrations, and this mechanism was suggested to be at the base of the gastro-intestinal diseases provoked by the ingestion of T. ustale [54] .
Aromatic acids, phenols, phenolic meroterpenoids
Biosynthetically, compounds 62-66 are strictly related to terphenylquinone and pulvinic acid derivatives which are the main constituents of the pigments decorating the caps of Gomphidius, Suillus, Boletus, and other species [51, 52, [55] [56] [57] ; in addition, pulvinic acid derivatives are involved in the flesh bluishment of injured fruiting bodies of many boletes [51, 52, [55] [56] [57] . Once considered exclusive of the order Boletales, terphenylquinone derivatives have, indeed, been isolated from other orders of Agaricomycetes, as polyporic acid from Punctularia strigosozonata (Corticiales) and atromentin from Omphalotus subilludens (Agaricales). The isolation of ustalic acid derivatives 6266 from the genus Tricholoma therefore confirms the occurrence of terphenylquinone derivatives in the order Agaricales. Moreover, it appears that ustalic acid (62) is biosynthesized by oxidative cleavage of the red pigment phlebiarubrone (67), which was originally isolated from cultured mycelia of the toadstool Phlebia strigosozonata [54] . Phlebiarubrone (67) was, indeed, converted in vitro to ustalic acid dimethyl ester by Pb(OAc) 4 oxidation, albeit in only 5.2% yield [54] .
The orange benzotropolone derivative aurantricholone (68) and the yellow fluorescent aurantricholides A (69) and B (70), isolated from the bright orange-red caps of T. aurantium, and from T. batschii and T. focale [58] , are other pulvinic acid derivatives. They are very labile compounds, as most pigments are; therefore, their purification required careful chromatography on a LH-20 phase [58] . The structures 69 and 70 were confirmed by total synthesis and X-ray diffraction on single crystal of a key intermediate [58] . Aurantricholone (68) occurs in the mushrooms mainly as a metal chelate and the predominant counter ion is calcium. The pigment is closely related to the naphthalenoid derivatives badiones, occurring in Boletales, and the biosynthesis of the dimeric structure 68 likely involves the oxidative coupling of two 3,4-dihydroxypulvinone moieties [58] . Phenolic benzotropolone derivatives are rare natural products; another interesting example is fomentariol (71) which was isolated from the plant pathogen, the Tinder Fungus, Fomes fomentarius (L.) Fr. (Polyporaceae) [57] .
Phenolic meroterpenoids. The class of secondary metabolites named "prenylated phenols" or "phenolic meroterpenoids", comprises compounds of mixed biosynthesis. The structures contain one or more terpenoid moieties bound to a phenolic nucleus originated either via the acetate or the shikimate route. Scattered examples occur in several genera of Agaricomycetes, including Lactarius and Albatrellus (Russulales) [50, 57] , Boletus, Boletinus, and Suillus (Boletales) (51, 52, (55) (56) (57) , and Ganoderma (Polyporales) [59] . Two farnesyl prenylated resorcinols, neogrifolin (72) , and the optically active grifolin-derivative chromane 73, were isolated from dried basidiomes of T. imbricatum extracted with MeOH [60] . They were previously isolated from different Albatrellus (Polyporus) spp [60] [61] [62] .
A group of prenylated 1,2,4-trihydroxybenzene and hydroquinone derivatives, 7476 and 7780, respectively, bearing a ketone function conjugated to the aromatic ring and hence called orirubenones AG, have been isolated from T. orirubens [63, 64] . Isomeric phenols AC (7476) bear a terminally oxidized geranyl chain: orirubenones A and B are regioisomeric terminal carboxylic acids, whereas orirubenone C (76) contains an unusual -lactone ring, formally resulting from intramolecular Michael-type addition of the corresponding free carboxylic acid 74 onto the enone group. Orirubenones AC (7476) inhibited extracellular hyaluronandegradation by human skin fibroblasts [63] and may, therefore, be useful in skin care treatments. The most active of the three compounds was orirubenone A (74) which showed an IC 50 value of 15 M [63] . The yellow nor-geranyl hydroquinone derivatives orirubenones DG (7780) did not show such inhibitory activity which, therefore, appears to depend on the presence of a catechol moiety. Lactone 80 was racemic [64] Terreumols AD (8184), recently isolated from the grey knight mushroom T. terreum [65] , are unique meroterpenoids which are biosynthetically related to compounds 7476. A characteristic feature of terreumols is the [8.4.0] bicyclic structures which comprises a methoxy-substituted hydroquinone moiety and a cyclized geranyl substituent forming a ten-membered ring. The structures 81-84, including the absolute configuration, were determined by 2-D NMR spectra as well as single-crystal X-ray diffractions [65] . Very few other natural products share the partially aromatic [8.4 .0] bicycle and the 10-membered terpenoid ring system with the terreumols. Among them, particularly important are the clavilactones, a group of benzoquinoid macrolides which were isolated from cultures of the basidiomycete Clitocybe claviceps [66] . In fact, clavilactones exhibited kinase inhibition [66] , antifungal and antibacterial activities, and suppressed the growth germination of Lepidium sativum.
All terreumols A, C and D exhibited cytotoxic effects against five human cancer cell lines with IC 50 values comparable to those of cisplatin [65] . This finding is not surprising, since the -epoxyketone moiety is known to be highly electrophilic towards biological nucleophiles.
An enantioselective total synthesis of terreumols A (81) and C (83) has been achieved, which provided independent proof of the absolute configuration [67] . The key step of the synthesis of terreumol C (83) was a ring-closing metathesis to form a trisubstituted Z double bond embedded in the 10-membered ring of the [8.4 .0] bicycle. Terreumol C (83) was then converted into (-)-terreumol A (81) by diastereoselective epoxidation [67] . Aiming at the discovery of new cytotoxic meroterpenoids, the chemical reactivity of (−)-terreumol C (83) was investigated [68] . A series of high-yielding oxygenations and brominations at the 10-membered ring were performed to prepare a series of analogs. Moreover, dihydroxylation of the olefin led to the stereoselective formation of a novel tricycle containing an 11-oxabicyclo[5.3.1]undecane system. Several of the compounds proved to be as cytotoxic against cancer cell lines as the natural products terreumols A and C in the single-digit micromolar range [68] . Interestingly, functionalization of the southern rim formed by carbons C(5)-C(6)-C(7)-C(8) is tolerated without much loss of cytotoxicity, while C(15) substituents are not always tolerated and hydroquinone is preferred over quinone [68] .
Tricholomenyns. Tricholomenyns AE (85, 8891) comprise a group of secondary metabolites of mixed biosynthetic origin isolated from fresh basidiomes of T. acerbum extracted with EtOAc [69, 70] . This group of unprecedented compounds features an epoxycyclohexenone ring linked to a C-10 geranyl side-chain containing an enyne system. The biogenesis of the epoxyquinol moiety has not yet been investigated although, quite likely, it derives from oxidation of a hydroquinone precursor. The relative stereostructure of compound 85 was assigned mainly by NMR spectroscopy, while its absolute configuration 2S, 3S, 4R was determined by correlation of the negative CD band at about 345 nm [69] with those of simpler natural products, (+)-epoxydon and (+)-isoepoxydon, which possess the same -unsaturatedepoxycyclohexenone chromophore [71] . Upon standing in CHCl 3 containing a catalytic amount of HCl, compound 85 slowly converted to phenol 86 [69] . The bicyclic tricholomenyn B (88) likely originates biosynthetically from a hypothetical precursor 87 formed by regiospecific oxidation of the C(8')-methyl group of tricholomenyn A (85) . In fact, the characteristic 12-membered ansa ring of tricholomenyn B (88) may result from the regio-and stereospecific internal attack of the carboxylic acid group of 87 onto the epoxide ring. Tricholomenyns 85 and 88 showed high antimitotic properties against T lymphocytes cultures [69] .
Tricholomenyns C-E (89-91) were isolated from the more polar fractions of the EtOAc extract of T. acerbum [70] . Their dimeric structures can derive from the intermolecular coupling of two molecules of the hypothetical monomeric precursor 87 via a mechanism similar to that leading to tricholomenyn B (88) . Tricholomenyns CE (8991) are fragile compounds and decompose easily in a solution containing a trace of mineral acid. However, tricholomenyn A (85) was stable in a solution of AcOEt containing catalytic AcOH which mimicked the extraction medium of the mushrooms; therefore, tricholomenyns BE were assumed to be genuine metabolites of T. acerbum [70] . Tricholomenyns were also tentatively detected in the extracts of other Tricholoma species [70] .
Oxygenated cyclohexanoids structurally related to tricholomenyns AE occur in bacteria, lower fungi, higher plants, and mollusks, and possess a wide range of bioactivities, e.g., antifungal, antibacterial, antitumor, antibiotic, and phytotoxic properties [72] . More rarely they have been isolated from Basidiomycetes [73] . Moreover, the 1,3-enyne moiety decorating the side chain of tricholomenyns is also present in the structures of other natural products [57, 72, 73] ; however, to our knowledge, tricholomenyns are the only examples containing such motif as a part of a C-10 geranyl substituent.
The biological properties and the densely functionalized epoxyquinol structure of tricholomenyn A (85) have prompted several synthetic studies, which have firmly confirmed the structure of the natural product including the absolute stereochemistry. In most approaches, each author has used a different Pd-catalyzed cross-coupling chemistry to link a halogenated cyclohexene building block to a terminal alkyne or a metallated derivative thereof [72, 74] . The required cyclohexene intermediate was prepared from p-benzoquinone or a mono-protected congener [72] , or from 3-halo-cis-1,2-dihydrocatechol obtained in enantiomerically pure form by the whole-cell biotransformation of the corresponding halobenzene [74] . In a quite distinct approach, a 'relay metathesisinduced enyne RCM and metallotropic [1, 3] -shift' reaction was used in the key step towards the target [75] . Moreover, a chemoenzymatic synthesis of the putative biogenetic precursor 87 of tricholomenyns B-E has been achieved [76] . However, attempts to convert compound 87 into any of the natural products 88-91 under a variety of conditions met with no success [76] .
Nitrogen-containing compounds
A bitter principle isolated from lyophilized fruiting bodies of the toadstool T. lascivum (Fr.) Gill extracted with MeOH was identified as lascivol (92) [77] . The structure was established by spectroscopic studies including a single crystal X-ray diffraction analysis. Interestingly, lascivol was degraded to dimethyl L-glutamate (93) and 5-methoxy-2,4-dimethylindole (94) by acid methanolysis [77] . Biosynthetically, the aminoalcohol moiety has been suggested to derive either via the acetate or the shikimate route [77] .
Indoles. Simple indoles, such as indole (95) and skatole (96) are rather widespread in the fruiting bodies of Basidiomycota, and they often contribute to the unpleasant odors of some species [78] . The first finding of indoles in Tricholoma species dates back to 1968, when indole and/or skatole were tentatively identified as major components in odors of T. bufonium, T. inamoenum, T. lascivum, T. sulphureum using thin-layer chromatography [79] . In later investigations, however, GC/MS analysis revealed only traces of indole and the absence of skatole in T. inamoenum and the presence of skatole as component of the odors of other Tricholoma was questioned [80] . Indole-3-carboxaldehyde (97), found in the volatile extract of Tricholoma sulphureum, has been associated with an unpleasant coal-or tar-like odor [81] . During a research on the acrid and bitter compounds that make the fruiting bodies of T. sciodes Mart. and T. virgatum Kummer unpalatable and slightly toxic, the new naturally occurring 2,4-disubstituted indole derivatives 98100 were first isolated from AcOEt extracts of the two mushrooms [82] . The structures 98100 were determined by spectroscopy [82] . Indoles 97, 99, and 100, together with 94, 5-methoxy-4-methoxymethyl-2-methylindole (102), and other four unidentified indole derivatives, were found to contribute significantly to the complex floral odor of T. caligatum with a nauseous note when aged [83] . The methyl ether 100 and the ethyl homologue 101 were isolated from the combined EtOH and acetone extracts of fresh mature fruiting bodies of T. flavovirens (syn. T. equestre) [84] . Further investigations of the same extract led to the isolation of the new indole 103 together with the known acetamidophthalide 104 and indoles 94 and 105 [85] . The last two compounds had been previously isolated from injured fruiting bodies of T. sciodes [86] . Compounds 94, 100, 101and103 possessed similar growth regulation activity against lettuce, inhibiting the growth of hypocotyl and promoting the growth of root [84, 85] . Instead, phthalide 104 inhibited hypocotyl and root growth at 100 nmol/paper [85] .
In addition to compound 105, other three dimers, 106, 107 [86] , and sciodole (108) [87] , were isolated from injured fruiting bodies of T. sciodes which have a bitter taste that turns pungent in about a minute [87] . The dimers 105108 are clearly structurally related to monomers 94 and 98100; it has been hypothesized that they derive from short-lived radical or electrophilic indole-type monomeric precursors which may be responsible for the pungency of the fruiting bodies [86] . Interestingly, these monomeric and dimeric indoles seem to be biosynthetically related to the aminoalcohol moiety of lascivol (92) [82, 83] . Moreover, they have a methyl substituent at the C(2) position in striking contrast to most indole alkaloids occurring in mushrooms which, being biogenetically derived from tryptophan, have an alkyl substituent at C(3) [81] . Two indolin-3-one dimers, namely 7-hydroxy-7'-methoxyperonatin B (111) and 7,7'-dimethoxyperonatin B (112) have been isolated from EtOAc extracts of fruiting bodies of T. scalpturatum [88] . Their structures have been determined by mass spectrometry and nmr spectroscopy. The compounds are formed in the mushrooms as a response to an injury, although small amounts may be present also in intact specimens. Compounds 111 and 112 are also structurally related to peronatin A (109) and B (110) isolated from fruiting bodies of Collybia peronata [88] . It has been suggested that these dimers are probably formed by oxidative coupling of the corresponding 3-indolinones, in a way similar to structurally related bis-3-indolinones indigo and tyrian purple [88] . Indeed, indole dimers 109, 110 and 112 have been synthesized by biomimetic oxidative dimerization of 2-alkylindoles [89] . However, attempts to identify or trap out radical or ionic intermediates were unsuccessful [89] .
Chemotaxonomic considerations:
In conclusion, more than a hundred different secondary metabolites have been isolated from the fruiting bodies of about 25 Tricholoma species investigated so far. The diversity of the structures of these compounds, which belong to different biogenetic families, is, in our opinion, quite impressive and it is indicative of the many metabolic pathways developed in Tricholomas as the result of evolution. Moreover, compounds with unprecedented skeletons and unusual biosynthesis, such as the saponaceolides A-S (1129), the terreolides AF (3035), and the cerylimycins A (36) and B (37), have been discovered. In addition, the wide variety of biological activities determined for most metabolites include cytotoxicity, antimicrobial properties, neurite outgrowth stimulation effects, inhibitory activity against acetylcholinesterase, etc.
The different compounds isolated from each Tricholoma species have been summarized below. The mushrooms have been grouped according to the most recent accepted subdivision of the genus in sections [1] .
From a chemotaxonomic perspective, it appears that several groups of secondary metabolites isolated from Tricholoma are not restricted to this genus; therefore, they cannot be considered valid chemotaxonomic markers. They include phenols, indoles, pulvinic acid derivatives, ergostane steroids, and most triterpenoids. Seconeodolastane diterpenes, typical metabolites of the section Genuina, have also been found in mycelial cultures of Lepista sordida, which belongs to a genus no longer considered part of Tricholomataceae. On the other hand, the saponaceolides, together with the biogenetically related terreolides and cerylimycines, are among the few compounds which can be considered typical Tricholoma metabolites. However, they have been isolated from different sections, namely sections Contextocutis, Atrosquamosa, and Terrea. The same observation holds for tricholomenyns, which occur in sections Megatricholoma and Genuina.
Interestingly, the distribution of secondary metabolites in Tricholoma species is very different from the pattern of metabolites determined for the morphologically similar mushrooms Lactarius and Russula (Russulaceae) [90] . In fact, in the last two genera, the presence of compounds of a certain type is confined in a restricted group of species or systematic sections [90] . Moreover, the biogenetic variety of secondary metabolites is much wider in Tricholoma species than in Russulaceae in which terpenoids, mainly sesquiterpenoids and triterpenoids largely predominate.
